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Objective: Childhood and combat trauma have been observed to interact to inﬂuence amygdala volume in a sample
of U.S. military veterans with andwithout PTSD. This interaction was assessed in a second, functionally-related fear
system component, the pregenual and dorsal anterior cingulate cortex, using the same sample and modeling ap-
proach.
Method: Anterior cingulate cortical tissues (gray + whitematter) weremanually-delineated in 1.5 TMR images in
87 U.S. military veterans of the Vietnam and Persian Gulf wars. Hierarchical multiple regressionmodeling was used
to assess associations between anterior cingulate volume and the following predictors, trauma prior to age 13, com-
bat exposure, the interaction of early trauma and combat exposure, and PTSD diagnosis.
Results: As previously observed in the amygdala, unique variance in anterior cingulate cortical volumewas associat-
edwith both the diagnosis of PTSD andwith the interaction of childhood and combat trauma. The pattern of the lat-
ter interaction indicated that veterans with childhood trauma exhibited a signiﬁcant inverse linear relationship
between combat trauma and anterior cingulate volume while those without childhood trauma did not. Such asso-
ciations were not observed in hippocampal or total cerebral tissue volumes.
Conclusions: In the dorsal anterior cingulate cortex, as in the amygdala, early trauma may confer excess sensitivity
to later combat trauma.© 2013 The Authors. Published by Elsevier Inc. Open access under CC BY-NC-ND license.1. Introduction
Current evidence suggests large domains of the human brain exhibit
dystrophic changes in response to early adversity. De Bellis et al. (1999,
2002) found total intracranial volume to be reduced in association with
childhoodmaltreatment-related PTSD in two independent samples. Sim-
ilar negative associations between early adversity andwidely-distributed
or whole-brain tissue volumes have been observed in healthy adult
samples (Cohen et al., 2006; Dannlowski et al., 2012). Notwithstanding
these generalized effects, available evidence suggests that medial fron-
tal cortex is especially responsive to aggregated stressors. Cohen et al.
(2006) observed associations between early adversity and reduced tis-
sue volumes in sub- and pre-genual anterior cingulate cortex (ACC),emination and Training Division,
94306, USA. Tel.: +1 650 493
ward).
nc. Open access under CC BY-NC-ND liwhile Dannlowski et al. (2012) observed a similar association involving
neighboring ventromedial prefrontal cortex (see also van Harmelen
et al., 2010). Ansell et al. (2012) observed an association between life-
time trauma (without regard to age) and lower gray matter density in
a large cortical domain including sub-genual, pre-genual, and dorsal
ACC. Though these studies have also reported associations between ad-
versity and volumes of hippocampus (Dannlowski et al., 2012), insula
(Ansell et al., 2012), and caudate (Cohen et al., 2006; Dannlowski et
al., 2012), the literature considering impacts of stress on the brain inde-
pendent of diagnosedposttraumatic stress disorder (PTSD)have consis-
tently implicated ACC and adjacent medial prefrontal cortex.
Studies of aggregate stress on the brain and those of PTSD overlap in
implicating the ACC. The ACC has been shown to be compromised in
several studies of persons diagnosedwith PTSD, though different subre-
gions of this large structure have been highlighted in studies using dif-
ferent samples and methods (Kitayama et al., 2006; Rauch et al., 2003;
Woodward et al., 2006b; Yamasue et al., 2003). There is now strong ev-
idence that the ACC the amygdala together comprise a highly connected
forebrain system devoted tomanaging responses to threat, and that im-
pairment of the ACC's regulatory connectivity with the amygdala is a
central feature of PTSD (Bremner et al., 1999; Etkin and Wager, 2007;
Hamner et al., 1999; Shin and Liberzon, 2009).cense.
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veterans with and without combat-related PTSD, Kuo et al found evi-
dence for multiple predictors (Kuo et al., 2012). PTSD was associated
with a larger amygdala; however, once that association was accounted
for, more combat exposure was associated with smaller amygdala vol-
ume. Moreover, this latter association interacted with early trauma such
that only persons endorsing early trauma (i.e., prior to age 13) exhibited
a negative association between combat trauma and amygdala volume.
Given this result, the tight functional linkage between amygdala and
ACC, and the apparent vulnerability of medial frontal cortex and ACC
to stress, we asked whether the ACCmight also evidence an interaction
of early adversity and adult combat trauma. We followed this with
analyses of Talairach-deﬁned sectors of the ACC corresponding
roughly to dorsal and ventral subregions in light of evidence associ-
ating them, respectively, with “cognitive” vs “emotional” (Bush et al.,
2000), or “appraisal/expressive” vs “regulatory” (Etkin et al., 2011;
Kalisch et al., 2006) involvement in negative affect. For purposes of
comparison, we also considered whether this interaction was apparent
in the hippocampus, another structure compromised in adult PTSD
(Bremner et al., 1997; Karl et al., 2006; Woodward et al., 2006a) and/
or total intracranial tissue volume, which is smaller in childhood
maltreatment-related PTSD (De Bellis et al., 1999, 2002).
2. Methods
The study sample and imaging methodologies used here have been
described in detail elsewhere (Woodward et al., 2006a,b). In brief, the
sample included 87 military veterans who had served in the Vietnam
Conﬂict or the GulfWar (GW). PTSD diagnosis and severity was assessed
using the Clinician-Administered PTSD Scale (Blake et al., 1995). PTSD-
positive (PTSD+) participants met criteria for current PTSD as a result
of experiencing military trauma. PTSD-negative (PTSD−) participants
also endorsedmilitary traumabutwere free of diagnosable PTSD, current
or lifetime. Other Axis—I diagnoses were determined using the Struc-
tured Clinical Interview for the DSM-IV (First et al., 1995). Alcohol
abuse/dependence-positive (ETOH+) subjects were classiﬁed based
upon meeting lifetime, but not current alcohol abuse or dependence
criteria. Lifetime trauma exposure was indexed using the Life Events
Checklist (Gray et al., 2004) augmented by a structured follow-up inter-
view establishing the A1 and A2 criteria and the period of trauma occur-
rence. Early traumatization was operationalized as any Criterion A event
prior to age 13. Combat exposure was assessed using the Combat Expo-
sure Scale (CES; Keane et al., 1989). GW veterans had a mean age of
38 years, and Vietnam veterans, 56 years. PTSD + participants had
a mean age of 49.5 (8.6) years, and controls a mean age of 46.6
(10.5) years (t(85) = 1.39, n.s.). PTSD + participants scored lower
on the vocabulary (53.6 (7.6) vs 47.7 (11.5); t(85) = 2.85, p = 0.005)
subtest and much lower on the digit symbol substitution subtest (55.4
(15.1) vs 73.9 (12.2); t(85) = 3.08, p b 0.001) of the Wechsler Adult
Intelligence Scale (WAIS, Psychological Corporation, 1997).
Magnetic resonance (MR) imaging was performed using 1.5 T
General Electric Signa scanners (Milwaukee, WI) located at the Diag-
nostic Radiology Center of Veterans Affairs Palo Alto Health Care
System and the Brain Imaging center of McLean Hospital (Belmont,
Massachusetts). Images were acquired with a three-dimensional
volumetric pulse sequence (repetition time [TR] = 35 ms, echo
time [TE] = 6 ms, ﬂip angle = 45°, number of excitations [NEX] = 1,
matrix size = 256 × 192, ﬁeld of view = 24 cm2, slice thickness =
1.5–1.7 mm, 124 slices). Skull-stripping, positional normalization,
resampling to 0.933 cubic voxels, and tissue segmentation were
performed in BrainImage (Reiss et al., 1998a). Manual delineation of
the cingulate region by raters blind to participant identity and diagnosis
followed a protocol developed by S.E. Cingulate gyri were traced in sagit-
tal view on slices just lateral to the midline. Superior, inferior, lateral and
medial boundaries of the cingulate cortex and white matter were traced
in coronal view. Intra-class correlation coefﬁcients over two independentraters indicated adequate inter-rater reliability for total cingulate volume
measurements (ricc = 0.94). Excessive inter-subject variability in avail-
able landmarks mandated that subgenual cingulate be excluded from
the delineation protocol. A dynamic Talairach grid was ﬁtted to each
brain yielding Talairach sectors B, C, D, E1 subdividing ACC (see Fig. 1,
Woodward et al., 2006b). Sectors B and C were summed bilaterally to
provide an estimate of ventral ACC and sector D used to estimate dorsal
ACC. Hippocampal volume, summing gray plus white matter, wasmanu-
ally delineated as described in an earlier publication (Woodward et al.,
2006a) by a different rater blind to subject identity and diagnosis who
exhibited high intra-rater reliability. Intracranial volume was estimated
as the sum of total cerebral tissue volume, summing gray andwhitemat-
ter, and sulcal and ventricular cerebrospinal ﬂuid volumes. These values
were obtained in a semi-automated fashion also using BrainImage
(Reiss et al., 1998b). Both hippocampal and intracranial volumes were
summed over hemispheres.
Hierarchicalmultiple linear regressionmodelingwas used (SPSS 18).
Predictors of total ACC volume (gray plus white, gray plus white) were
entered in the order of presumed developmental impact: 1) presence/
absence of early trauma, 2) CES score, 3) the interaction of early trauma
andCES, and4) PTSDdiagnosis. This sequence of a basemodel plus three
additionalmodels each of additional candidate predictors are referred to
below as models 1 through 4. All predictors were centered by subtrac-
tion of their medians (Kraemer and Blasey, 2004). Our preliminary hy-
pothesis was that, as in the amygdala, early trauma and combat trauma
would interact to inﬂuence ACC volume.
3. Results
It was preliminarily determined that there were no main effects of
site (F(1,87) = 0.37, p = 0.55) nor of cohort (Vietnam vs Persian
Gulf) (F(1,87) = 0.24, p = 0.63) on ACC volume, and that neither of
these factors accounted for signiﬁcant variancewhen added to themul-
tiple linear regression in advance of the variables of interest. Similarly,
entering age at step 1 did not account for signiﬁcant variance in ACCvol-
ume (Fchange(1,85) = 0.042, p = 0.84). Furthermore, none of these
variables, or their combinations, when added at step 1, substantially im-
pacted the beta weights comprising the ﬁnal models.
When enteredﬁrst, childhood trauma alone did not account for signif-
icant variance in ACC volume (β = −0.118, t = −1.67, n.s.). The addi-
tion of combat trauma as indexed by the CES score (model 2) did not
account for signiﬁcant additional variance in ACC volume variance
(Fchange(1,84) = 3.43, p b 0.10). Neither childhood trauma nor CES
score alone accounted for unique variance in ACC volume (childhood
trauma:β = −0.15, t = −1.42, n.s.; CES: β = −0.20, t = −1.85, n.s.);
however, the simultaneous regression model was nominally signiﬁcant
(adjusted R2 = 0.05, F(2,84) = 3.2, p b 0.048). With the addition of
the interaction of childhood trauma andCES,model 3 accounted for signif-
icant additional variance in ACC volume (Fchange(1,83) = 5.59, p b 0.05)
with the interaction, itself, accounting for signiﬁcant unique variance
(β = −0.25, t = −2.36, p b 0.05). The addition of PTSD diagnosis
(model 4) also accounted for additional variance in ACC volume
(Fchange(1,82) = 10.90, p b 0.001). Inmodel 4, the interaction of child-
hood and combat trauma continued to explain unique variance in ACC
volume (β = −0.26, t = −2.68, p b 0.009). Model 4 accounted for
19% of ACC volume (F(4,82) = 6.15, p b 0.001).
The interaction of childhood and combat trauma is depicted in Fig. 1,
where it can be seen that among combat veterans denying trauma prior
to age 13, CES score and ACC volume were uncorrelated. In contrast,
among those endorsing trauma prior to age 13, CES score and ACC vol-
ume were negatively correlated (r(37) = −0.41, p b 0.01).
We also tested for variation inmodelﬁt in separate estimates of ven-
tral and dorsal ACC volume. In ventral ACC, neithermodels 1 nor 2were
associated with signiﬁcant increases in variance explained; however,
models 3 and 4 did yield signiﬁcant increases in variance explained
(model 3: Fchange(1,83) = 5.61, p = 0.02; model 4: Fchange(1,82) =
ACC
Volume
Combat Exposure Scale score
No Trauma Prior to Age 13 Trauma Prior to Age 13
ACC
Volume
Combat Exposure Scale score
r(46) = 0.03, n.s. r(37) = -0.409, p < 0.01
Fig. 1. Illustration of the early trauma by combat exposure interaction on ACC volume.
Table 1
Standardized beta weights for ﬁnal model (model 4) for ACC, hippocampal (left + right,
gray + white) and cerebral tissue volumes (left + right, gray + white) regressed on early










ACC −0.01 −0.08 −0.26⁎⁎ −0.37⁎⁎⁎
Hippocampus −0.12 0.08 0.14 −0.25⁎
Cerebral tissue −0.11 0.16 0.07 −0.17
⁎ p b 0.05.
⁎⁎ p b 0.01.
⁎⁎⁎ p b 0.001.
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trauma again explaining signiﬁcant unique variance after the entry
of the presence/absence of a PTSD diagnosis (β = −0.27, t = −2.66,
p b 0.009). In contrast, in dorsal ACC, both models 1 and 2 were as-
sociated with signiﬁcant increase in variance explained (model 1:
Fchange(1,85) = 8.51, p = 0.005; model 2: Fchange(1,84) = 4.09,
p = 0.046). Moreover, childhood trauma accounted for unique var-
iance in dorsal ACC volume in models 1, 2 and 3 (model 1: β = −0.30,
t = −2.92, p = 0.005; model 2: β = −0.27, t = −2.66, p = 0.009;
model 3: β = −0.25, t = −2.40, p = 0.019); and combat trauma
accounted for unique variance in dorsal ACC in models 2 and 3
(model 2: β = −0.21, t = −2.02, p = 0.048; model 3: β = −0.23,
t = −2.21, p = 0.03). However, with regard to dorsal ACC volume,
adding the interaction of childhood and combat trauma (model 3) was
not associated with an increase in variance explained (Fchange(1,83) =
2.53, n.s.); and though the omnibus model 4 explained signiﬁcant vari-
ance in dorsal ACC volume (F(4,86) = 5.23, p b 0.001), PTSD was the
only signiﬁcant predictor in that model (β = −0.25, t = −2.12,
p = 0.034). In summary, dorsal ACC volume appeared to be associat-
ed with childhood and adult trauma, while ventral ACC volume
appeared to be associated with both the interaction of childhood
and adult trauma and with PTSD.
Similar analyses were repeated for left and right ACC volumes.
In the left ACC, childhood trauma was a signiﬁcant predictor in
models 1 and 2 (model 1: β = −0.22, t = −2.11, p b 0.05; model 2:
β = −0.22, t = −2.08, p b 0.05). Thereafter, only a diagnosis of PTSD
(in model 4) was associated with left ACC volume (β = −0.45,
t = −3.92, p b 0.001). In the right hemisphere, combat exposure
was associated with smaller ACC volume in models 2, 3 and 4 (model 2:
β = −0.27, t = −2.58, p b 0.05: model 3: β = −0.30, t = −2.86,
p b 0.01; model 4: β = −0.4, t = −2.06, p b 0.05). Similarly, the inter-
action of early trauma and CES was associated with smaller right ACC
volume in models 3 and 4 (model 3: β = −0.23, t = −2.16, p b 0.05;
model 4: β = −0.233, t = −2.24, p b 0.05). PTSD diagnosis was not as-
sociated with signiﬁcant variance in right ACC in model 4 (β = −0.16,
t = −1.35, n.s.). In summary, the interaction of combat exposure with
early trauma accounted for variance in right but not left ACC volume.
Finally, we addressed whether the same predictors could similarly
model variance in hippocampus and/or total cerebral tissue volume.
As summarized in Table 1, neither of these candidate volumes exhibitedsimultaneous associations with PTSD diagnosis and the interaction of
early and combat trauma.4. Discussion
Kuo et al found that early trauma interacted with combat exposure
such that veterans endorsing childhood trauma exhibited a negative rela-
tionship between combat exposure severity and amygdala volumewhile
those denying childhood traumadid not. Here, we have observed formal-
ly similar associations in the anatomically distinct but functionally related
ACC. These results provide indirect support for the observations of Kuo et
al. (2012). Though cross-sectional in nature, they converge with results
from several domains demonstrating that developmental adversity and
combat trauma can interact to inﬂuence risk for PTSD (Cabrera et al.,
2007; LeardMannet al., 2010;McLaughlin et al., 2010). These associations
were not observed in the volumes of two comparison structures implicat-
ed in adult and pediatric PTSD, the hippocampus and total cerebrum,
suggesting speciﬁcity to the amygdala and ACC.
The functional relationship between ACC and amygdala has emerged
as a central focus of investigation of the neurobiology of PTSD (Bremner
et al., 2008; Liberzon andMartis, 2006; Shin and Liberzon, 2009). The cur-
rent results suggest that early traumamight inﬂuence both amygdala and
ACC in parallel to confer sensitivity to combat trauma. This parallelism
could reﬂect their shared status as core components of the fear system
673S.H. Woodward et al. / NeuroImage: Clinical 2 (2013) 670–674and/ormore directlymanifest a consequence of theirmechanistic interac-
tions. The observed pattern is simpler in ACC than in amygdala, as both
PTSDand the interaction of early traumaand combat exposurewere asso-
ciatedwith smaller ACC volume. One implicationwhichmay be extracted
from these ﬁndings is that if early and/or aggregate stressors predispose
persons to PTSD, and if structural modiﬁcations of these regions are
associated with both those stressors and with PTSD, then statistical as-
sociations between medial frontal compromise and adversity will gen-
erally be attenuated in the presence of PTSD. These arguments lead to
the conclusion that assessments of both early and adult trauma may
be necessary to provide a full accounting of associations betweenmedi-
al frontal cortex and PTSD.
Within ACC, the current results suggest that the dorsal subdivision
may be preferentially associated with simple additive effects of trauma
exposure while the ventral subdivision is associated with “downstream”
effects, the interaction of childhood trauma and combat exposure and
PTSD. These apparently divergent associations provide support for the
parcellation of cingulate contributions to PTSD. They also provide support
the separability, in the brain, of trauma and PTSD, in conformance with
the conventional framework based on the epidemiology of the disorder
(Bryant et al., 2010). Comparison of associations with left versus right
ACC provides further support for parcellation as the former but not the
latter was, here, associated with the interaction of childhood and combat
trauma. The search for additional simple or interactive predictors of struc-
tural compromise inmedial frontal subregions could aid the development
of a comprehensive explanation of their contributions to PTSDand related
disorders. As noted in the Introduction, structural studies of the ACC in
PTSD have failed to converge on a single subregion. Notwithstanding
the current ﬁndings, among studies reporting structural compromise in
ACC in PTSD only Chen et al. (2006) has reported a laterality effect. Anal-
ogously, if we consider prominent functional parcellations of dorsal
versus ventral ACC (e.g. “cognitive” versus “emotional” or “appraisal/
expressive” versus “regulatory”), it is difﬁcult to exclude any of these
nominal domains as irrelevant to PTSD psychopathology.
An important limitation of this study is the absence of data regarding
subgenual ACC. A number of studies have implicated this most ventral
subregion of the ACC in PTSD (Etkin and Wager, 2007; Hayes et al.,
2012) while others have described its extensive interconnections with
the amygdala (Gutman et al., 2009; Johansen-Berg et al., 2008). It is
therefore unfortunate that anatomic variability sometimes presents a
challenge to volumetric analysis of this structure (Fornito et al., 2006;
Fornito et al., 2008; Spasojevic et al., 2011). A further limitation is the
high comorbidity of PTSD with Major Depressive Disorder (78%) pre-
cluding their discrimination as predictors of ACC volume. Additional
limitations are the absence of an objectivemeasure of childhood trauma
and of a measure of socioeconomic status.Acknowledgments
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